Bronchopulmonary dysplasia (BPD) is the most common chronic lung disease in preterm infants. In the past years, remarkable advances in perinatal care including prenatal steroid therapy, surfactant use and improved ventilator strategy, have led to increased survival rates of preterm infants[@b1][@b2][@b3]. However, the incidence of BPD has not declined. The pathogenesis of BPD has been studied by animal studies and human studies[@b4]. So far, a number of potential risk factors have been reported to be associated with the development of BPD, including premature birth, low birth weight (BW), genetic predisposition, prolonged mechanical ventilation , hyperoxia, infections, and patent ductus arteriosus (PDA)[@b5][@b6][@b7][@b8][@b9][@b10][@b11][@b12][@b13].

Anemia is commonly seen in preterm infants[@b14]. The pathogenesis is usually multifactorial; it can result from inadequate erythropoietin response, rapid growth, and repeated blood sampling for laboratory tests[@b15][@b16]. Symptoms of anemia include lactic acidosis, tachycardia, bradycardia, tachypnea, apnea, poor weight gain, diminished activity, and oxygen requirement[@b17][@b18]. Nevertheless, the effect of anemia on BPD has not yet been investigated yet.

We performed a prospective study to investigate the association of anemia with the development of BPD in preterm infants. As low Hct represents the hallmark of anemia, we recorded Hct at different time points. We also investigated whether early anemia affected the development of BPD.

Methods
=======

Study population
----------------

An observational study was conducted to determine the effect of anemia on the development of BPD. The study population included 248 infants with gestational age (GA) \<32 weeks admitted to the Neonatal Intensive Care Unit (NICU) of BaYi Children's Hospital Affiliated to Clinical Medical College in Beijing Military General between February 2014 and February, 2015. Infants with major congenital anomalies or syndromes, those who died before 36 weeks' postmenstrual age (PMA) were excluded from the study. The study was approved by the ethics committees of Beijing Military General Hospital. The methods were carried out in accordance with the approved guidelines. Informed consent of the parents was obtained before the study.

Data collection
---------------

Every infant was followed during their initial hospitalization until time of discharge. Diseases were diagnosed by experienced doctors according to standard definitions. Maternal and infant data were collected from medical records by trained research staff. Maternal data included pregnancy-induced hypertension, maternal diabetes, maternal age, premature rupture of membranes, use of antibiotics and use of prenatal steroids. Infant data included GA, BW, gender, mode of delivery, time of umbilical cord clamping, Apgar scores at 1, 5, and 10 min, surfactant use, days of mechanical ventilation, pneumonia, PDA, sepsis, necrotizing enterocolitis (NEC), retinopathy of prematurity (ROP), intaventricular hemorrhage (IVH), number of transfusions, and length of hospital stay. Gestational age was defined as the number of completed weeks from the first day of the mother's last menstrual period to the day of delivery. Pneumonia was diagnosed by clinical symptoms and chest X-ray. PDA was diagnosed by two-dimensional color Doppler examination in the first 2 weeks of life. Sepsis was diagnosed by the presence of positive blood cultures during the hospital stay. NEC was diagnosed according to modified Bell's criteria[@b19]. ROP was diagnosed according to the international classification of retinopathy of prematurity[@b20]. IVH was identified by serial cranial ultrasound.

Blood samples (1.0ml) were collected from the infants at 1d, 7d, 14d, 21d, and 28d of postnatal life by venous blood sampling and sent immediately to the Central Laboratory of the Hospital for measurement of Hct. Anemia was defined as Hct \<39%[@b21]. We categorized early anemia as occurring at ≤14 days of postnatal life and late anemia as occurring \>14 days.

The main treatment for anemia in our hospital was transfusion. The indication of transfusion in our hospital was as follows: (1) Hct \<20% with low reticulocyte count and symptoms of anemia; (2) Hct \<30% in an infant with a fraction of inspired oxygen (FiO~2~) \<30% on continuous positive airway pressure (CPAP) and/or intermittent mandatory mechanical ventilation with mean airway pressure (MAP) \<8 cm H~2~O; with significant apnea, bradycardia, tachycardia or tachypnea; (3) Hct \<35% in an infant with FiO~2~ \>30% on CPAP/intermittent mandatory mechanical ventilation with MAP ≥8 cm H~2~O. When required, 15 ml/kg packed red blood cells was given to infants. The target Hct was ≥40%. Recombinant human erythropietin (rHuEPO) was not used in our hospital. All preterm infants were given iron supplementation with a dose of 2 mg/kg/d after 1 month of postnatal life.

BPD was defined for infants born at GA less than 32 weeks and treatment with supplemental oxygen more than 28 days by the National Institute of Child Health and Human Development (NICHD)[@b22]. BPD was classified as mild, moderate and severe based on the required fraction of inspired oxygen at 36 weeks' PMA: mild, no supplemental oxygen; moderate, supplemental oxygen ≤30%; and severe, the need for mechanical ventilation and/or oxygen \>30%[@b22].

Sample size and statistical analyses
------------------------------------

Before the study, we calculated that a sample size of at least 221 infants was required to achieve at 2-sided significance level of 0.05 and power of 80%. Median (range) or Mean ± standard deviation (SD) was presented for continuous variables. Kolmogorov-Smirnov test was used to test normality of the data. Two-sample student's two-tailed t-test was used to compare normally distributed continuous variables, the Mann-Whitney rank-sum two-tailed test was used to compare non-normally distributed continuous variables and Pearson's exact chi-square test was performed to compare categorical variables. Risk factors that were significant in the univariate analysis were selected as covariates and BPD as dependent in the multiple logistic regression models to obtain adjusted odds ratio (OR) and 95% confidence interval (CI) by using Enter method. A *p* value of less than 0.05 was considered to indicate significance. Data were analyzed using SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA).

Results
=======

Demographic Characteristics in the study population
---------------------------------------------------

A total of 248 preterm infants with GA less than 32 weeks were enrolled in the study. 2 infants died before 36 weeks' PMA and 3 infants had congenital heart disease. In the remaining 243 infants, 148(60.9%) were males and 95(39.1%) were females. The GA range from 25 to 31 weeks, with a mean GA of 29 weeks. Mean BW was 1418 ± 297 g. 79% of mothers were given prenatal steroids.

71 infants (29.2%) had BPD and 172 infants (70.8%) did not develop BPD during the study period. The clinical characteristics of infants with and without BPD are presented in [Table 1](#t1){ref-type="table"}. BPD patients had a lower GA and BW than non-BPD patients \[28.9(25.6 − 31.7) weeks vs. 30.5(27.1 − 31.9) weeks, *p* \< 0.001; 1185 ± 214g vs. 1515 ± 272g, *p* \< 0.001; respectively\]. Surfactant was used more often in BPD patients than non-BPD patients (95.8% vs. 54.1%, *p* \< 0.001). The rate of early umbilical cord clamping (\<30s) was higher in BPD patients than non-BPD patients (84.5% vs. 71.5%, p = 0.033). The incidence of PDA and ROP was significantly higher in BPD patients than non-BPD patients (83.1% vs. 66.9%, *p* = 0.011; 49.3% vs. 8.7%, *p* \< 0.001; respectively). Rate of mechanical ventilation days more than 2 weeks was higher in BPD patients (94.4% vs. 13.4%, *p* \< 0.001) and has significant difference. The number of transfusions in BPD patients was significantly greater than non-BPD patients \[5(1 − 14) vs. 2(0 − 7), *p* \< 0.001\]. The days of hospital stay in BPD patients was longer than non-BPD patients (78 ± 21d vs. 46 ± 15d, *p* \< 0.001). Gender, Apgar score at 1, 5, 10 min, rate of vaginal delivery, antibiotic use, prenatal steroids, maternal pregnancy-induced hypertension, maternal diabetes, premature rupture of membranes, and maternal age were similar between the two groups. No significant differences were found in incidence of pneumonia, NEC, IVH, and sepsis between the two groups.

Hct between BPD-patients and non-BPD patients at different time points
----------------------------------------------------------------------

There was a significant difference in Hct between BPD patients and non-BPD patients in 1d, 7d, 14d and 21d. Mean Hct was lower in BPD patients compared with non-BPD patients. However, there were no statistically significant differences in Hct between BPD patients and non-BPD patients in 28d. The mean Hct initially dropped, reaching a nadir at 14d, after which Hct slightly elevated in BPD patients and non-BPD patients ([Fig. 1](#f1){ref-type="fig"}).

Early anemia, late anemia and BPD
---------------------------------

Out of the total 243 preterm infants, 165 (67.9%) were found to be anemic. Of 165 anemic patients, 70 (42.4%) had BPD, and out of 78 non-anemic patients, 1 (1.3%) had BPD, which was significantly different with a *p*-value of less than 0.001.

In the study, we chose 2 weeks as a cut-off point for the division of anemia into early anemia and late anemia. We found that rate of early anemic infants in BPD patients was higher than non-BPD patients (74.6% vs. 27.9%, *p* \< 0.001). The incidence of late anemia was similar between BPD patients and non-BPD patients ([Table 2](#t2){ref-type="table"}).

To further evaluate the role of anemia on different grades of BPD, we compared the rates of anemia between severe BPD patients and non-severe BPD patients. As shown in [Table 3](#t3){ref-type="table"}, there is no difference in incidence of anemia, early anemia and late anemia between severe BPD and non-severe BPD patients.

The factors associated with the incidence of BPD in preterm infants in univariate analyses included GA, BW, surfactant use, PDA, days of mechanical ventilation \>2 weeks, early umbilical cord clamping (\<30 s), early anemia and number of transfusions. After controlling for significant risk factors, early anemia and number of transfusions were associated with increased risk of BPD rate using multivariate logistic regression. As shown in [Table 4](#t4){ref-type="table"}, the adjusted OR of early anemia for BPD was 4.891 (95% CI 1.568 − 15.257; *p* = 0.006), and the adjusted OR of number of transfusions for BPD was 1.703 (95% CI 1.249 − 2.322; *p* = 0.001).

Discussion
==========

Anemia is a common disease in preterm infants. Previous studies have reported significant association between anemia and respiratory disease. A prospective study conducted by Ramakishnan K. and his colleagues showed that anemia was a risk factor for childhood asthma[@b23]. Hussain SQ and coworkers reported that anemia was a risk factor for acute lower respiratory tract infections in children[@b24]. Until recently, there were no studies addressing anemia as a possible risk factor in BPD development. In the study, we firstly investigated the relationship between anemia and BPD using a case-control approach. We found that Hct was lower in infants at risk of BPD. As a variety of factors are associated with BPD, and many of the factors are related to anemia, separating the influences is difficult. However, after controlling the confounding variables, early anemia on the risk of developing BPD remained statistically significant.

In the study, we compared Hct levels between BPD patients and non-BPD patients at different time points. The results showed that mean Hct in BPD patients was lower than non-BPD patients in 1d, 7d, 14d and 21d. The results indicated that low Hct levels were closely related to BPD in preterm infants. The fact that Hct level in BPD patients dropped to a nadir at 14d may suggest the important role of Hct level in early life of preterm infants.

The underlying mechanism of the relationship between anemia and BPD may be explained as follows[@b15][@b16][@b17][@b18]. First, anemia may result in decreased oxygen carrying capacity of blood to lungs, resulting in increased anaerobic metabolism and high levels of lactic acid production. Second, anemia may decrease oxygen delivery to the respiratory center of the brain and cause respiratory symptoms, including tachypnea, dyspnea and apnea, which may increase days of supplemental oxygen or mechanical ventilation. Moreover, anemia may cause inflammation, which was also closely associated with the development of BPD.

We also found that early anemia was associated with the development of BPD. According to our study, the rate of early anemia in BPD patients was higher than non-BPD patients. The results also indicated that early anemia was an independent risk factor for BPD. After birth, oxygen dependency switches from placenta-based to lung-based and we speculate that anemia may impair the normal adaptation process, initiate a cascade of events leading to lung injury and finally result in the development of BPD. As time goes, older infants may tolerate anemia with no apparent clinical symptoms and reach a physiological balance. Therefore, early anemia may participate in the process of developing BPD. We compared the incidence of early anemia between severe BPD and non-severe BPD patients and found there were no significant differences. The finding implies that other factors other than early anemia may contribute to the progression of BPD.

Anemia is caused by many factors in preterm infants, including rapid postnatal growth, phlebotomy losses and delayed eternal feeding during hospitalization[@b15][@b16]. The optimal amount of protein supplementation for preterm infants can reduce incidence of anemia[@b15][@b16]. Delaying umbilical cord clamping has been shown to elevate birth Hemoglobin levels and decrease red blood cell (RBC) transfusion in preterm infants[@b25][@b26]. To reduce phlebotomy, it is necessary to decrease blood sampling volumes for laboratory tests, and avoid frequent blood sampling. Only those absolutely necessary laboratory testing should be performed. Non-invasive examination may also reduce blood loss. The implementation of restrictive transfusion guidelines is also necessary. Autologous transfusion with banked cord blood is a reasonable option, though most hospitals did not have the equipment to perform the therapy[@b27]. As plasma erythropietin (EPO) levels are relatively low in preterm infants, it is rational to consider rHuEPO as a potential treatment for anemia[@b28][@b29][@b30]. However, rHuEPO has not been widely used in NICU because of its uncertain efficacy[@b31][@b32][@b33][@b34]. Early use of supplemental of iron may probably reduce the incidence of anemia, however, the optimal dose and time of iron supplementation remains unclear and needs further research[@b35].

Despite advances in determining the causes of anemia and in developing new treatment for anemia, RBC transfusion remains the primary treatment for anemia in preterm infants[@b36]. It is often given to maintain a certain Hct level believed to be desirable for infants' clinical conditions[@b37]. However, we found that transfusion may be a risk factor for BPD in the study and it was consistent with previous reports[@b38]. Transfusion contains large amounts of iron, which increase iron levels in preterm infants. Elevated levels of free iron can produce oxygen free radicals, which may contribute to the development of BPD. In addition, transfusion impairs the normal erythropoietic response and reduces production of red cells[@b38][@b39]. Therefore, reducing the number of RBC transfusions in preterm infants may have significant beneficial effects. Guidelines for RBC transfusion varied widely from center to center and were mainly based on Hct or hemoglobin levels. Indications, time, and volume of blood transfusion remain controversial[@b40][@b41][@b42]. Therefore, it is important to determine an optimal level of Hct for transfusion and still requires further investigation.

Though ours is the first reported study to examine the influence of anemia in the development of BPD, there are some limitations. Although we controlled known confounding risk factors, there are other factors which may affect the development of BPD. In addition, more studies are needed to investigate the complicated mechanism of the effect of anemia on BPD development.

In conclusion, the study demonstrates an association between anemia and BPD in preterm infants. Early anemia (≤14days) is a significant risk factor for BPD. Medical treatments should be undertaken to prevent early anemia. A strict transfusion guideline is needed to reduce the incidence of BPD in our clinical practice.
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###### Comparison of clinical characteristics between BPD patients and non-BPD patients.

                                              **BPDpatients(n = 71)**   **non-BPDpatients(n = 172)**   ***p*****value**
  ------------------------------------------ ------------------------- ------------------------------ ------------------
  Gestational age(weeks)                         28.9(25.6 − 31.7)           30.5(27.1 − 31.9)             \<0.001
  Birth weight (g)                                  1185 ± 214                   1515 ± 272                \<0.001
  Male                                               50(70.4%)                    98(57%)                   0.051
  Apgar score at 1 min                               8(2 − 10)                   8(2 − 10)                  0.544
  Apgar score at 5 min                               9(2 − 10)                   9(3 − 10)                  0.219
  Apgar score at 10 min                              9(2 − 10)                   9(3 − 10)                  0.113
  Vaginal delivery                                   39(54.9%)                   88(51.2%)                  0.593
  Prenatal steroids                                  53(74.6%)                   139(80.8%)                 0.283
  Maternal pregnancy-induced hypertension            16(22.5%)                   32(18.6%)                  0.484
  Maternal diabetes                                  16(22.5%)                   34(19.8%)                  0.627
  Premature rupture of membranes                     23(32.4%)                   77(44.8%)                  0.075
  Maternal age                                        29 ± 4                       30 ± 5                   0.430
  Antibiotic use                                     17(23.9%)                   54(31.4%)                  0.245
  Early umbilical cord clamping (\<30s)              60(84.5%)                   123(71.5%)                 0.033
  Surfactant use                                     68(95.8%)                   93(54.1%)                 \<0.001
  Days of mechanical ventilation \>2 weeks           67(94.4%)                   23(13.4%)                 \<0.001
  Pneumonia                                          50(70.4%)                   106(61.6%)                 0.193
  Sepsis                                             10(14.1%)                    12(7.0%)                  0.079
  Patent ductus arteriosus                           59(83.1%)                   115(66.9%)                 0.011
  Necrotizing enterocolitis                           4(5.6%)                     9(5.2%)                   1.000
  Intaventricular hemorrhage                          27(38%)                    46(26.7%)                  0.081
  Retinopathy of prematurity                         35(49.3%)                    15(8.7%)                 \<0.001
  Number of transfusions                             5(1 − 14)                    2(0 − 7)                 \<0.001
  Length of hospital stay (days)                      78 ± 21                     46 ± 15                  \<0.001

###### Rate of anemia between BPD patients and non-BPD patients.

                  **BPD patients (n = 71)**   **Non-BPD patients (n = 172)**   ***p*****value**
  -------------- --------------------------- -------------------------------- ------------------
  Anemia                  70(98.6%)                     95(55.2%)                  \<0.001
  Early anemia            53(74.6%)                     48(27.9%)                  \<0.001
  Late anemia             17(23.9%)                     47(27.3%)                   0.586

###### Rate of anemia between severe BPD patients and non-severe BPD patients.

                  **Severe BPDpatients (n = 16)**   **Non-severe BPDpatients (n = 55)**   ***p*****value**
  -------------- --------------------------------- ------------------------------------- ------------------
  Anemia                     16(100%)                            54(98.2%)                     1.000
  Early anemia               13(81.3%)                           40(72.7%)                     0.716
  Late anemia                3(18.8%)                            14(25.5%)                     0.826

###### Risk factors for BPD by multiple logistic regression analysis.

                                              **Adjust odds ratio**   **95% Confidence interval**   ***p*** **value**
  ------------------------------------------ ----------------------- ----------------------------- -------------------
  Gestational age                                     0.774                  0.458 − 1.306                0.336
  Birth weight                                        0.999                  0.996 − 1.002                0.385
  Surfactant use                                      1.915                 0.261 − 14.074                0.523
  Patent ductus arteriosus                            0.630                  0.164 − 2.415                0.500
  Days of mechanical ventilation \>2 weeks           29.978                 7.474 − 120.239              \<0.001
  Early umbilical cord clamping (\<30s)               2.030                  0.460 − 8.952                0.350
  Early anemia                                        4.891                 1.568 − 15.257                0.006
  Number of transfusions                              1.703                  1.249 − 2.322                0.001
